Abstract Auto-adjusting positive airway pressure (PAP) devices are increasingly becoming the first line treatment for obstructive sleep apnea (OSA). More complex sleepdisordered breathing such as Cheyne-Stokes respirations and central sleep apnea related to heart failure as well as complex sleep-disordered breathing related to chronic hypoventilation syndromes may require the use of advanced positive airway pressure modalities such as automated servo ventilation (ASV) and volume targeted pressure limited ventilation. Identifying patients with complex sleep-disordered breathing that will benefit from treatment with advanced modalities remains an area of active investigation. A recent and surprising development found ASV to be associated with an increased risk of sudden cardiac death when used to treat central sleep apnea in patients with symptomatic systolic heart failure and an ejection fraction less than 45 %. The optimal treatment of central sleep apnea in heart failure and the role of ASV are currently in question. The following chapter is intended to provide the clinician with a description of newer PAP modalities; a review of evidence supported indications for use as well as provide a framework for managing patients with advanced positive airway pressure therapy.
Introduction
Since its introduction by Colin Sullivan in 1981, continuous positive airway pressure (CPAP) has been the standard therapy for obstructive sleep apnea [1, 2] . Newer devices equipped with advanced microprocessors and capable of more sensitive airflow detection are able to modulate the pressure that is delivered in more sophisticated and subtle ways. The most commonly used advanced modality is auto-adjusting positive airway pressure (APAP). Advanced flow-based servo and volume targeted pressure support modes have been developed to modulate or augment ventilation to treat more complex sleep-disordered breathing. We will discuss the technical aspects of these devices and evidence for their use in sleep-disordered breathing syndromes.
Auto-Adjusting PAP General Principles
Home sleep apnea testing and subsequent treatment with autoadjusting positive airway pressure (APAP) is becoming the standard pathway for treatment of obstructive sleep apnea. Though appealing to payers and providers, not all patients are appropriate for APAP treatment. APAP is not recommended for patients with comorbid congestive heart failure (CHF), intrinsic lung disease, and hypoventilation as stated in the American Academy of Sleep Medicine (AASM) practice parameters from 2008 [3] , though subsequent research has shown that APAP along with home sleep testing may be non-inferior to polysomnography (PSG) titration in unselected patient populations [4] . Further research is needed to determine if home sleep apnea testing and treatment with APAP in selected patients with cardiopulmonary comorbidities (CHF and COPD) is safe and effective. A major concern is the ability of newer generation home sleep apnea tests and APAP devices to detect and accurately characterize respiratory events (e.g., varying degrees of obstructive versus central).
APAP devices analyze the flow signal to adjust pressure to an optimal setting at any given point in time. Determination of the optimal setting is based on proprietary algorithms unique to the specific device manufacturer. The Respironics REMstar Auto device, for example, employs a proactive algorithm based on the contour of the flow signal [5] . The device increases the pressure by 1.5 cm H 2 O over 3 min to probe for an improvement in the airflow signal that determines whether the device stays at the higher pressure or reverts to the starting pressure. Conversely, the device also decreases the pressure until airflow limitation is detected [5] . If an obstructive respiratory event is detected, the device reacts by increasing the pressure within the search algorithm. Central apneas (CA) are detected by flow response to test pulses of pressure and are characterized as Bclear airway apnea,^to which the device is not to generate a pressure increase [5] . The detection and response algorithms are patented and vary among manufacturers. The ResMed AutoSet uses forced oscillation of small pulses at 4 Hz rather than larger discrete test pulses to detect an open airway [6] . ResMed AutoSet also responds to flow limitation and apneas but on a breath by breath basis, rather than in an active search [6] . These two devices are presented as examples because they are the most commonly used in the USA. The key point is that APAP devices from different manufacturers may perform differently.
Bench studies evaluating the response of different APAP devices to a range of breathing patterns have shown that the responses can be quite variable [7] . A recent bench investigation of eleven APAP devices showed that only five of the devices improved airflow to at least 70 % of baseline breathing amplitude. The majority of devices did not reduce AHI to <5/h, and three devices underestimated AHI by >10 %. Five devices increased pressure during snoring and seven devices increased pressure during central apneas. Only five of the APAP machines studied achieved treatment efficacy of >90 %, and seven devices accurately identified AHI >90 % of the time [8] . These studies illustrate the variance between devices in event detection and response algorithm. Of course, the PAP-derived estimates of AHI are fundamentally different from the AHI observed during polysomnography (PSG) in that they only rely on airflow and use a proprietary algorithm [9] . Studies have shown close correlations between APAPestimated and PSG-derived AHI values for specific devices in patients without central apnea at baseline or treatmentemergent central apnea [10] . Other studies comparing APAP-detected AHI to PSG-scored AHI during attended PSG have shown that APAP-detected AHI overestimates but correlates closely with PSG AHI [9, 11] . The overestimation of AHI has been found to be greatest at low values [12] . There have been conflicting findings regarding the sensitivity and specificity of device AHI for determining residual elevated AHI. One ROC analysis showed than an APAP AHI of six event/h had excellent sensitivity and specificity (0.92 and 0.90) to detect a PSG AHI >5. An analysis of a multicenter Respironics trial involving 115 patients found that a device AHI >10 had a 0.58 sensitivity and 0.94 specificity for PSG AHI >10 [13] . A retrospective review of 176 unselected patients comparing simultaneous APAP (ResMed) detected AHI and PSG AHI showed that only 58 % had an adequate titration with APAP. A history of cardiac disease, baseline elevated central apnea index, and arousal index were predictors of APAP titration failure [14] . Similarly, Donotti et al. also found that APAP can fail to detect and respond to events in some patients leading to misclassification regarding residual AHI [15] .
Air leak is an important factor that can potentially limit the APAP device's ability to detect and appropriately respond to respiratory events. A bench study found that older generation devices that used pressure-based algorithms responded to artificial snoring, but failed to respond to other flow-limiting respiratory events [16] . Newer generation devices that use flow detection algorithms were shown to accurately respond to obstructive respiratory events until leak rates exceeded 30 L/min and that high leak resulted in an overestimate of the delivered pressure [16] Leak is associated with lower APAP-delivered pressure, higher residual AHI, and worse adherence [17] . It is important to remember that expected leak is also a function of pressure and the mask interface used.
APAP as Treatment for OSA
APAP is an alternative to conventional CPAP for long-term therapy for obstructive sleep apnea. Potential advantages include improved comfort and adherence by minimizing unnecessarily high pressure. Most studies have shown only small differences in adherence between fixed CPAP and APAP. Early, small studies suggested that APAP may have advantages over CPAP in terms of adherence [18, 19] . A more recent randomized 6-week trial in almost 200 unselected patients showed a more modest difference in adherence of 0.2 h per night (12 min) and a small difference in sleepiness between APAP and CPAP [20] . Meta-analyses of randomized trials in mostly CPAP naïve patients have consistently shown small but usually statistically significant differences in adherence of 11-14 min per night favoring APAP [21] [22] [23] [24] . A Cochrane review found no difference in residual AHI; however, there was a very small but significant difference in the Epworth Sleepiness Scale of 0.5 points favoring APAP [22] .
The efficacy of APAP in treating obstructive sleep apnea (OSA) is critical for its acceptance as a therapy. A small study in morbidly obese patients (n=12) requiring high therapeutic pressures (>14 cm H 2 O), showed that APAP (ResMed) was equally effective to fixed CPAP at reducing AHI, and did so at a lower average pressure [25] . A recent randomized controlled trial of Respironics A-flex (APAP with flexible expiratory pressure) versus CPAP showed an advantage of CPAP in regards to residual AHI and mean oxygen saturation at the start of the trial, but this advantage dissipated at 180 days [26] . Scores of sleepiness, results of psychomotor vigilance testing and blood pressure were no different between the groups after 180 days [26] . In this relatively unselected group, efficacy was essentially the same. An earlier study of patients with high within-night pressure variability based on APAP titration were randomized to fixed CPAP or APAP [27] . In this group of patients, sleepiness scores were better on APAP than on CPAP. In a trial of patients requiring higher pressures, APAP resulted in a greater than 30 min per night improvement in adherence and lower average pressure than with fixed CPAP, with better self-reported sleep quality scores [18, 20] . These findings suggest that while there may be minimal differences between CPAP and APAP for unselected patients, there may be groups of patients who may do better on APAP, including those with significant pressure variability, or those who require high therapeutic pressures. A recent investigation of 156 patients diagnosed with OSA by home sleep testing showed equivalence of APAP therapy compared to CPAP after an attended titration study [28] .
A relatively few, small studies have shown mixed results in regards to the effects of APAP versus CPAP on the cardiovascular and metabolic consequences of obstructive sleep apnea. One study looking at CPAP versus APAP in 40 patients showed that CPAP resulted in reductions in blood pressure and a measure of insulin resistance (HOMA-IR) while APAP did not [29] . A follow-up study by Patruno et al. suggests that APAP results in greater sympathetic activation and lower cardiorespiratory coupling than CPAP [30] . These studies were in small patient populations and only applicable to one device (ResMed). Larger studies are needed to determine if APAP is as effective as CPAP in reducing health risks and improving health outcomes in patients with OSA.
As previously discussed, APAP devices use proprietary algorithms to adjust pressure and not all devices are equal in regards to patient adherence, comfort, and residual respiratory events [31, 32] . There have been few large studies comparing devices from different manufactures with regards to these outcomes. A head to head comparison of ResMed and Respironics APAP devices in a randomized crossover trial showed that the Respironics device achieved a lower AHI with a lower average pressure, but there were no significant differences in sleep efficiency or subjective ratings of these devices [33] . The authors speculated that the higher pressures of the ResMed device could be associated with failure to drop pressure in response to artifact or leak, which could then contribute to higher leak and reflex pharyngeal constriction. Additionally, device technology is constantly evolving, which may render previous studies obsolete.
APAP as an Alternative to CPAP Titration
APAP may be an attractive alternative to traditional CPAP titration. The American Academy of Sleep Medicine (AASM) practice parameters state that APAP may be used in attended polysomnogram titration, while it is an option (weaker recommendation) that certain APAP devices may be used at home in unattended PAP titration in moderate to severe OSA [3] . A small study of 20 patients showed APAP to be as effective as manual CPAP titration for AHI reduction, adherence, and clinical efficacy with a trend towards increased sleep the first titration night favoring APAP [34] . Mulgrew et al. performed a larger trial comparing APAP titration versus CPAP as part of an algorithm investigating in-lab versus out of center testing [35] . At 3 months, there was no difference in AHI, quality of life, or sleepiness, but adherence was better in the out of center arm [35] . A more recent meta-analysis of manual CPAP titration versus auto-titration found that they were equally effective for residual AHI, reduction in sleepiness, patient acceptance, and adherence [36] . There was significant heterogeneity in this meta-analysis, possibly due to the range of devices tested. A recent study using a single night titration between ResMed and Respironics devices showed that the fixed pressure recommended was very similar for both devices and resulted in an AHI <5/h [37] . Generally, when APAP is used as an alternative to CPAP titration, the 90 or 95 % percentile pressure (i.e., the pressure required to eliminate 90 or 95 % of respiratory events) is used to determine the fixed CPAP setting. Little is known regarding how many nights the APAP device should be worn to determine this pressure.
General Recommendations for Prescribing APAP
Most of the studies of APAP have used fairly large ranges of pressure. However, there may be advantages to prescribing a more narrow pressure range. In some patients, starting at a setting that is too low may disturb sleep by allowing respiratory events while the pressure is at a sub-therapeutic level. It is also theoretically possible that failure of the device algorithms may lead to over-titration resulting in excessive pressure, leak, and patient discomfort.
Current devices provide detailed data regarding adherence and efficacy. AHI (including central apnea and periodic breathing), leak, sensed snoring, as well as the 90th or 95th percentile pressure are typically reported. Clinicians should take into account the estimate of leak, duration of use, and actual sleep time when making treatment decisions based on data card reports. The device algorithms for pressure titration are less accurate in the presence of significant leaks. Devices that incorporate cloud-based reporting and management systems are being utilized to develop telemedicine programs [38] .
Adaptive Servo Ventilation General Principles
Adaptive servo ventilation (ASV) is a type of bilevel device that provides variable pressure support ventilation in response to the patient's breathing. Most current devices utilize APAP algorithms generate an expiratory positive airway pressure (EPAP) at a level that eliminates obstructive events and flow limitation. Pressure support is increased in response to hypopnea and decreased in response to hyperpnea, in an effort to stabilize fluctuating ventilation. A back-up rate (either prescribed by the provider or automatically generated by the machine) will ventilate the patient during central apneas. ASV is generally not appropriate for chronic hypoventilation syndromes as device-targeted minute ventilation is less than the previous minute ventilation.
Devices may differ in their method of detecting ventilation, respiratory events and response algorithms [39] . The clinical consequences of the variation is unclear.
ASV for Cheyne-Stokes Respiration
There has been great interest in applying ASV to treat central sleep apnea and Cheyne-Stokes respiration in patients with heart failure. Small, early studies showed that ASV was more effective than oxygen, CPAP, and bi-level positive airway pressure (BPAP) at reducing central AHI [39, 40] . Subsequent studies showed that ASV improved left ventricular ejection fraction and 6-min walk distance in patients with heart failure [41] [42] [43] A recent meta-analysis of studies comparing ASV to non-ASV therapy including CPAP, O 2 , BPAP, and no treatment showed that ASV more effectively reduced AHI [44] . Similarly, ASV has been shown to be beneficial in heart failure with preserved ejection fraction (LVEF >50 %) [45] . ASV has also been linked to improvement in cardiorenal dysfunction in patients with CHF and chronic kidney disease [46] .
The most prominent trial looking at PAP therapy for CHFrelated central sleep apnea was the CANPAP trial. This multicenter trial randomized 258 patients to fixed CPAP or usual care and found that on average, fixed CPAP (not titrated) reduced AHI by 50 % to around 20/h, but did not result in a mortality benefit. Modest improvements in nocturnal oxygenation, ejection fraction, and 6-min walk distance were noted [47] . A secondary analysis of the trial showed that patients whose AHI was suppressed to <15/h experienced an improvement in transplant-free survival compared to patients whose AHI remained >15/h on CPAP [48] . Since ASV has demonstrated superiority in suppressing Cheyne-Stokes respiration, there is interest in determining if a mortality benefit can be achieved with ASV. The SERVE-HF, sponsored by ResMed, is a large randomized control trial in patients with symptomatic heart failure and an ejection fraction <45 % assessing the impact of ASV therapy versus medical management for CSA/ CSR on heart transplant-free survival [49] . The preliminary data elicited a press release in May 2015 disclosing a 2.5 % increase in absolute risk of cardiovascular death in the ASV group (10 versus 7.5 % in control group). Publication of the study will allow for a greater understanding of the specific findings, but an immediate discontinuation of ASV in patients with an EF <45 % is recommended by the ResMed [50]. The FDA Bstrongly recommend clinicians adhere to the recommendations cautioning against the use of ASV therapy in patients with symptomatic chronic heart failure (NYHA 2-4) and reduced LVEF≤45 %, AND moderate to severe predominant central sleep apnea.^[51] It is important to note that the ASV algorithm utilized in the SERVE-HF trial may not be identical to current software or future updates of the ResMed device. Respironics is currently enrolling patients in the ADVENT-HF trial with a similar design to the SERVE-HF trial [52] .
ASV for Treatment-Emergent Central Sleep Apnea
Management of treatment-emergent central sleep apnea, also known as complex sleep apnea syndrome (CompSAS), is controversial [53] . The majority of such cases abate after treatment with fixed CPAP [54] . Although originally developed to treat Cheyne-Stokes respiration, ASV has been promoted as a therapy for persistent treatment-emergent central sleep apnea. An early study from the Mayo Clinic including a mix of patients, the majority of whom had CompSAS, showed that ASV significantly improved AHI and REM sleep compared to CPAP [55] . A small early study which assessed ASV for both Cheyne-Stokes respiration and treatment-emergent central apnea showed that ASV was superior to titrated BPAP in both groups [56] . Another small retrospective case series of patients titrated to ASV for treatment-emergent central sleep apnea that did not get better with CPAP therapy found that ASV could achieve an AHI <5/h in 80 % of patients and less than 10/h in 92 %, with the average AHI going from 44.4/h on standard PAP to 3.6/h on ASV [57] . Bi-level positive airway pressure (BPAP) can be considered to treat patients with CompSAS; however, there has been some association with worsening central apneas [58] . A randomized controlled trial comparing BPAP and ASV showed that after 6 weeks, ASV was clearly superior with regards to residual AHI and elimination of central events [59] . Currently available evidence suggests that ASV is effective at treating treatment-emergent central sleep apnea. However, given the transient nature of this condition, the ongoing need for ASV should be assessed after therapy initiation.
ASV for Idiopathic and Opioid-Induced Central Sleep Apnea
There is less evidence regarding the use of ASV for central sleep apnea induced by opiate use. Early reports from small studies showed conflicting results regarding the efficacy of ASV in treating opioid-induced central sleep apnea [60, 61] . A larger study compared ASV for central sleep apnea in 47 opioid patients and 61 CHF patients who failed CPAP. An AHI less than 10 was achieved with ASV in approximately 60 % of the opioid patients and 70 % in the CHF patients [62] . Interestingly, lower BMI, higher serum bicarbonate values, and absence of Cheyne-Stokes respiration were predictors of successful ASV titration [62] .
Similar to opioid-related central sleep apnea, there have been few reports of response to ASV in idiopathic central sleep apnea. One of the earliest case series showed an excellent response to ASV for idiopathic Cheyne-Stokes respiration in three patients [63] . A recent retrospective review of patients with idiopathic and opioid-induced central sleep apnea found that ASV resulted in an AHI <10/ h in 60 % of opiate-induced CSA and 90 % of idiopathic CSA [64] . However, two thirds of the patients in this study were effectively managed with standard CPAP or BPAP [64] . Another retrospective study compared central sleep apnea in patients with CHF versus non-CHF patients [65] . This study showed that ASV was highly efficacious in eliminating events for both groups of patients [65] . These findings suggest that ASV may apply to other populations with central sleep-disordered breathing that is not due to chronic respiratory failure.
General Recommendations for Prescribing ASV
ASV may be considered for patients with an EF >45 % and whose sleep-disordered breathing is not effectively controlled with CPAP, BPAP, or PAP with supplemental oxygen. The cost differential is significant between fixed CPAP and ASV. In the USA, CMS requires the following criteria be met to qualify for ASV therapy: in-laboratory polysomnography demonstrating a central and overall AHI >5, with central AHI accounting for >50 % of the total AHI; presence of symptoms of excessive sleepiness or disturbed sleep; and demonstration that ASV significantly improved the sleep-disordered breathing. For treatment-emergent CSA, these polysomnographic conditions apply while on CPAP therapy for OSA.
Although ASV devices are automated, it is recommended that patients undergo in-laboratory titration to confirm efficacy. The titration is also important to assess for potential problems, including insufficient EPAP and mask leaks, as well as to demonstrate benefit of the therapy. Manufacturers of ASV devices have incorporated APAP algorithms to modify the EPAP for some devices [66] . Mask leaks tend to make ASV therapy problematic because the complex calculation and delivery of ventilation will be inaccurate. Therefore, addressing and troubleshooting mask leaks are of paramount importance during APAP titration.
Bi-Level Positive Airway Pressure and Auto-Adjusting BPAP Fixed Bi-Level Devices
Bi-level positive airway pressure (BPAP) is a mode that alternates pressure settings on inspiration (IPAP) and expiration (EPAP), with the purported advantage of improving patient comfort and tolerance. Auto-adjusting BPAP modes have also been developed to further this goal. Though multiple manufacturers offer BPAP devices, there has not been convincing evidence that BPAP improves adherence or outcomes when compared to CPAP [22, 67] .
AVAPS General Principles
Average volume assured pressure support (AVAPS) is an automatically titrating mode of BPAP, which automatically adjusts pressure support to target a set volume. The mode was developed to account for the changes in respiratory muscle load and respiratory drive that vary during sleep and may change during the course of disease.
Most studies comparing AVAPS to BPAP have shown modest improvements in nocturnal ventilation in those treated with AVAPS, without significant improvements in sleep quality or quality of life [68] [69] [70] [71] . One study showed that patients with COPD and hypercapnia experienced better sleep efficiency with AVAPS versus BPAP [72] .
AVAPS is most commonly used to treat chronic respiratory failure secondary to obesity hypoventilation in which CPAP is often inadequate to eliminate nocturnal oxygen desaturations [73] . Patients with chronic respiratory failure due to OHS, neuromuscular disease, and COPD may benefit from AVAPS therapy, though further studies are needed to determine whether AVAPS is genuinely superior to fixed BPAP. As with other algorithms, the AVAPS event detection algorithms are limited by mask leak and this should be assessed to avoid inappropriate changes in therapy.
Conclusion
Advanced positive airway pressure modalities are increasingly being used to expedite the diagnosis and treatment of OSA, as well as treat more complex sleep-related breathing disorders. Auto-PAP (APAP) is being employed by providers to tailor pressure settings, improve adherence, and to improve access to therapy when attended sleep studies are in short supply. As financial pressures push to move the diagnosis of OSA out of the sleep laboratory and into the home, APAP may have a growing role in titration and therapy.
Adaptive servo ventilation may yet find a role in improving complex sleep-disordered breathing, but with the current data from SERVE-HF the use of ASV in patients with an ejection fraction <45 % is not recommended. Further clarification and direction from the publication of key studies is eagerly awaited. Advanced ventilator support algorithms have the potential to enable more effective treatment of sleep-related hypoventilation syndromes in patients with morbid obesity, restrictive thoracic disease, and COPD. However, more evidence is required to see if they are indeed more promising than conventional bi-level positive airway pressure devices.
